Introduction
In 2006, Developmental Neuroscience published its first supplement devoted to the topic of pediatric traumatic brain injury (TBI). That endeavor, assembled and edited by Drs. Mary McKenna and Courtney Robertson, produced a highly successful collection of articles in the field that spanned the range from basic to clinical investigation. The field was ready for such a supplement, and its timing coincided with a period of considerable growth both in this area of research and in the emerging subspecialty of pediatric neurocritical care. Several of the reports in that issue have become well-cited works, and it is likely not a coincidence that the most highly cited articles addressed some of the hot-button areas of investigation in TBI [1] [2] [3] [4] [5] . This review is part of a new second supplement on this topic published in Developmental Neuroscience. Several of the articles from the original review serve as the backdrop to identify important areas of investigation in pediatric TBI and some of the directions where the field is heading. Some of the most important challenges and opportunities that we face in this field are identified. Finally, how many of the studies that are included in this new 2010 supplement begin to address these challenges is discussed.
Imaging
Ashwal et al. [1] published an outstanding article on new imaging modalities in pediatric TBI in the 2006 supplement that represented the second most highly cited work from that issue. It is clear that advances in magnetic resonance imaging (MRI) and MR spectroscopy are catapulting forward our understanding of this extremely complex disease. New modalities such as susceptibilityweighted imaging can enhance the detection of even small hemorrhages in parenchyma, while diffusion tensor imaging allows us to serially map diffuse injury to white matter tracks in pediatric TBI. The latter was a topic that was identified as being of considerable potential importance in the 2006 supplement in an article by Robert Tasker [6] . As with novel MRI modalities, MR spectroscopy also provides, in our critically injured patients, enlightening and detailed maps of key metabolites in injured brain, such as lactate, N -acetylaspartate, choline and glutamine [1] -linking anatomical and biochemical data in the injured brain of infants and children. Somewhat more futuristic MRI methods such as cell tracking have the potential to facilitate the in vivo monitoring of processes such as the inflammatory response and apoptosis in TBI [7] [8] [9] . In this issue, an article on the utility of clinical imaging in pediatric TBI addresses the important issues of abusive head trauma [10] . Also, Wu et al. [11] studies atrophy and remodeling of the corpus callosum in 48 children with mild-to-moderate TBI using diffusion tensor imaging. Without a doubt, the study of axonal injury via diffusion tensor imaging and other MRI methods has great potential to aid in defining a critical target -white matter damage -that deserves more attention in TBI. An additional discussion of axonal injury in pediatric TBI is found later in this review. The potential for novel imaging and spectroscopic methods cannot, in our opinion, be overestimated.
Biomarkers
The other area of investigation published on in the 2006 Developmental Neuroscience supplement that garnered considerable attention was work on biomarkers of brain injury. Several reports suggested that biomarkers might be valuable in pediatric TBI [2, 5, [12] [13] [14] [15] [16] [17] [18] [19] [20] . The most highly cited article from the supplement, by Dr. Rachel Berger et al. [2] , serially assessed three serum biomarkers [neuron-specific enolase (NSE), S100B and myelin basic protein (MBP)] across three diseases in the pediatric intensive care unit (PICU), namely TBI, abusive head trauma and cardiopulmonary arrest. The report indicated that the biomarker profiles across these three diseases appear to be different, both with regard to timing and marker composition. Early neuronal death was seen after TBI, presumably from necrosis, while delayed neuronal death, possibly via apoptotic or other pathways, occurred in a number of the cardiac arrest victims. This suggests potential mechanistic and therapeutic ramifications. Recently, Topjian et al. [12] reported similar increases in serum levels of NSE and suggested a threshold level of 51 g/l for predicting unfavorable outcome. In the 2006 supplement, a report by Aikman et al. [21] assessed calpain versus caspase cleavage products of ␣ -spectrin in an experimental model of developmental TBI, under the premise that the former reflects cell death from necrosis, while the latter reflects cell death from apoptosis. They showed that although both pathways were present, calpain proteolysis predominated. Recent work by Brophy et al. [22] , assessing serial CSF samples from adults with severe TBI, compared calpain versus caspase cleavage products of ␣ -spectrin and also suggested that necrosis may predominate in TBI since, despite marked early increases in calpain cleavage products in CSF, there were only low levels of caspase cleavage products. These findings certainly do not exclude the possibility that apoptotic neuronal death plays a role in the evolution of secondary damage in pediatric TBI, and it may be that, temporally, earlier biomarkers of apoptosis such as cardiolipin oxidation products are more specific than caspase activity [23] . One patient group that may have considerable apoptotic neuronal death, for example, are victims of abusive head trauma since they showed a similar NSE profile to pediatric cardiac arrest victims, with delayed increases in serum levels, in the report by Berger et al. [2] . An important role for hypoxic-ischemic injury in abuse cases has also been suggested by the work of Ichord et al. [24] , using MRI. A similar pattern might be anticipated in infants with noninflicted TBI, where developmental propensity to apoptosis may influence cell death mechanisms. Nevertheless, cell death mechanisms such as necrosis and autophagy merit special focus as we move forward in the field.
Relevant to TBI, in the report by Berger et al. [2] , delayed increases in serum levels of MBP were also seen, but only in victims of TBI and abuse, not in cardiac arrest. This suggests that delayed axonal damage might represent a potential therapeutic target in both forms of TBI. A key question in this regard is whether this increase in MBP represents delayed axotomy, related to calcium ac-cumulation and calpain proteolysis, as suggested by Povlishock and Christman [25] , or simply axonal lysis secondary to wallerian degeneration. The former would represent a potentially important therapeutic target in TBI, while the latter would simply reflect remodeling of tissue where neurons were already lost. The role of axonal injury and fiber track damage as potential targets in pediatric TBI deserves additional study. The delayed time course of this process suggests a broad therapeutic window and thus a potential opportunity for treatment.
A study published in the 2006 supplement from the laboratory of Dr. Larry Jenkins [5] on experimental controlled cortical impact injury in developing rats linked bench and bedside on the topic of biomarkers and used proteomics (2-D gel) to reveal that mitochondrial injury, oxidative stress and astrocyte proliferation represent three important mechanistic opportunities in pediatric TBI. Additional basic and clinical investigation has supported and embellished those findings [26] [27] [28] [29] . Germane to this work, a new clinical study by Fraser et al. [30] suggested that the astrocyte marker glial fibrillary acidic protein may be a robust brain injury biomarker in pediatric TBI. Proteomic and related assessments of serum and CSF may provide additional insight into understanding of secondary injury mechanisms, define therapeutic targets, predict outcome and/or aid in patient selection for clinical trials. Biomarker work needs to be coupled to new MRI methods in future studies. Given the critical need for better diagnostic tools in mild TBI in conditions such as sports concussion and blast injury in terrorist attacks and/or combat casualty care, the field of biomarkers in brain injury has been an extremely active area of research. In this new supplement, several studies on biomarkers in pediatric TBI build on the work in this area of investigation [31, 32] .
Advanced Neuromonitoring
The use of advanced neuromonitoring approaches in pediatric TBI has been another area of considerable research in pediatric TBI, and one of the leaders in this area, Monica Vavilala, published a report on the assessment of blood pressure autoregulation of cerebral blood flow (CBF) and its relationship to outcome in pediatric TBI in the 2006 supplement [3] . Using bedside Doppler assessments, Dr. Vavilala's study has demonstrated how common loss of blood pressure autoregulation is, in pediatric TBI, being seen in over 40% of cases, and highly associated with an unfavorable 6-month Glasgow outcome scale score. Subsequent studies by her group also demonstrated loss of blood pressure autoregulation of CBF in infants who are victims of abusive head trauma [33] . Several investigators in pediatric TBI have championed various bedside monitoring approaches. Most noteworthy among them is the continuous bedside monitoring of the pressure-reactivity index, which assesses CBF autoregulation based on the relationship between arterial blood pressure and intracranial pressure (ICP) in pediatric TBI [34] . Spearheaded for use in children by Ken Brady at Johns Hopkins, this intriguing work suggests that one might be able to better define optimal cerebral perfusion pressure (CPP) in pediatric TBI victims at the bedside -a very worthy therapeutic goal. Factors such as the regional nature of the injury in TBI, however, magnify the challenges to interpretation of the findings by such an approach. Nevertheless, this represents an interesting potential opportunity and merits further study. Another monitoring modality that has important potential for future use and study is brain tissue oxygen (Pb O 2 ) monitoring. Reports on the use of this modality in pediatric TBI are somewhat limited [35] , but several outstanding studies in adult patients with severe TBI have begun to better define its utility [36, 37] . This topic garnered an entire chapter in the most recent edition of the guidelines for the management of severe TBI in adults [38] . Its greatest potential role is likely to be in augmenting the titration of ICP -directed care at the bedside -optimizing a second physiologically relevant target. For example, there are some patients with normal ICP but concerning levels of Pb O 2 , and in that setting, improving this parameter may translate into improved outcomes if the relationship between critical thresholds for Pb O 2 and outcomes represents more than an association or epiphenomenon.
Although we target the prevention of tissue hypoxia to prevent secondary injury in the PICU management of patients with severe TBI, hyperoxia may also be detrimental. Related to this area of investigation, seminal work from the laboratory of Dr. Gary Fiskum [39] has demonstrated that hyperoxic resuscitation in adult animal models of cardiac arrest have deleterious consequences -likely via protein nitration of key enzymes such as pyruvate dehydrogenase (PDH) [40] . Curiously, in the aforementioned proteomic study of experimental TBI [5] , PDH was one of the proteins that demonstrated the greatest loss at 2 weeks after controlled cortical impact in the developing rat brain. However, a recent exploratory study by Puccio et al. [41] was not able to demonstrate increases in CSF levels of markers of oxidative stress in adults with severe TBI exposed to 100% oxygen. Given the compromised antioxidant defenses in the developing brain, with enhanced vulnerability to hydrogen peroxide [42] , this area merits additional study in pediatric TBI. This finding has now been translated to the human condition, where hyperoxia is associated with poor outcome after cardiac arrest in adults [43, 44] .
A second important gap in knowledge with regard to neuromonitoring in pediatric TBI is addressed in this supplement by the report by Mehta et al. [45] , namely ICP and CPP assessment in infants with severe TBI. The eyeopening study by Keenan et al. [46] reported that ICP monitoring in children less than 2 years of age with severe TBI in the state of North Carolina was only performed in 33% of cases and defined an important concern in the field. Similarly, even the important recent study of critical ICP and CPP thresholds by Chambers et al. [47] from the UK multicenter pediatric TBI database did not include infants. Given the well-described poor outcomes of this extremely vulnerable subgroup of pediatric TBI from the early work by Levin et al. [48] , the report by Mehta et al. [45] is a welcome exploratory one.
Therapy
In the 2006 supplement, Jamie Hutchison and his investigative team [49] described the pretrial evaluation phase of what ultimately was to be their important multicenter trial of mild hypothermia in pediatric TBI. Without question, the most disappointing development since the publication of the last supplement is the failure of mild hypothermia to show efficacy in the landmark Canadian multicenter clinical trial. Despite the failure of hypothermia, a great deal was learned from that trial, and more is likely to be learned as all of us continue to ponder the findings. Hypotension, particularly during rewarming, appeared to represent a critical toxicity of hypothermia in the trial [49] , and this important issue is the focus of a report by Dr. Hutchison et al. [50] in this issue. This side effect has been reported with variable frequency in other trials or applications of hypothermia in adult or pediatric brain injury. For example, it was observed in the multicenter TBI trial in adults that was carried out by Dr. Guy Clifton et al. [51] . In contrast, it did not appear to represent a major problem in the report by Marion et al. [52] , or in the large Chinese experience with hypothermia in adult TBI [53, 54] . Although one may argue about various aspects of the study design of the Hutchison trial [50] , it represents the most important study in the history of pediatric TBI and identifies some additional points that merit discussion. First, these findings in pediatric TBI had emerged shortly before the 3rd International Hy pothermia Symposium in Lund, where the results of two additional studies on adult TBI were reported: the second multicenter NIH-funded trial by Dr. Clifton [55] and the Japanese multicenter trial led by Professor Tsuyoshi Maekawa [56] . Neither of these trials demonstrated a benefit of mild hypothermia, the former being stopped for futility, while the latter showed nearly identical outcomes between groups. Thus, despite proven effects on ICP, among others in two carefully controlled studies in children [57, 58] , this therapy does not appear to improve functional outcomes in pediatric TBI when used as applied in the trials.
Curiously, exciting positive data have emerged on beneficial effects of mild hypothermia on perinatal asphyxia of term newborns, including work in three separate multicenter trials [59] [60] [61] . Hypothermia also attenuated structural brain injury as assessed by MRI in the most recent of these trials [62] . The question of why mild hypothermia would be efficacious in perinatal asphyxia but ineffective in pediatric TBI is an important one, and there are many potential explanations. One is certainly that a substantive number of brain-directed therapies and monitoring are provided as part of standard of care in pediatric TBI, while there is little or no brain-directed monitoring and care for cardiac arrest victims. Thus, in TBI, use of hypothermia may simply represent a trading of therapies. For example, less hypertonic saline might be used in lieu of cooling, and the net benefit could be greatly diminished. In contrast, hypothermia is used as the sole neuroprotective strategy in perinatal asphyxia, other than the occasional use of anticonvulsants for hypoxic seizures. Some insight into the potential efficacy of hypothermia in TBI versus perinatal asphyxia could also relate to the aforementioned work by Berger et al. [2] , published in the 2006 Developmental Neuroscience supplement. If the serum biomarker data in that report reflect changes in brain parenchyma, victims of asphyxial cardiac arrest may have considerably more delayed neuronal death than TBI victims. Thus, the resuscitation targets for TBI may be different, or require extremely early intervention. A number of other potential explanations for the differential efficacy of hypothermia in pediatric neurocritical care have been posed, and this topic is discussed in greater detail in another recent review [63] . Hypothermia is still under investigation in pediatric TBI in the Pediatric Traumatic Brain Injury Consortium -Hypothermia trial, led by Dr. David Adelson, and several reports in this supplement address various hypothermia-related issues in pediatric TBI [31, 50] .
An emerging area of therapeutic investigation in pediatric TBI is the manipulation of the regenerative response to TBI either via modulation of neurogenesis or treatment with stem cells. Dr. Steve Kernie's masterpiece plenary presentation on this topic at the 2009 joint Congress of the National and International Neurotrauma Societies reviewed some of his recent work, showing that neuroblasts in the dentate gyrus are vulnerable after experimental TBI, along with the potential role of hippocampal neurogenesis in improving cognitive outcomes [64] . Related to this topic is a report by Covey et al. [65] on temporal factors in neurogenesis in brain injury. In addition, Wright et al. [66] present an elegant study examining the role of cortical progenitor cells in oligodendrogenesis and the critical contribution of these cells in myelination during development. Cell-based therapies are an important therapeutic opportunity that may have merit along the continuum of care from the ICU through to rehabilitation.
With regard to novel pharmacological approaches to pediatric TBI, Scafidi et al. [67] present data supporting the potential of using acetyl-L -carnitine to target mitochondrial failure after experimental TBI in developing rats (postnatal day [21] [22] . The rationale behind this strategy is based on a large body of work from the laboratory of Dr. Gary Fiskum [68, 69] and others [5] supporting the posttranslational modification and inhibition of activity of the PDH enzyme complex after both traumatic and ischemic insults. PDH appears to be highly sensitive to oxidative injury, which could thus have special implications for the developing brain, given its limited antioxidant defenses.
Modeling
Better modeling of pediatric TBI is essential to the development of new therapies. Currently, controlled cortical impact in developing rats and/or mice has been used for many of the experimental studies [5, 43] . This likely models only a portion of the spectrum of pediatric TBI, as pointed out by Duhaime [70] in the 2006 supplement. In this issue, work from the laboratory of Dr. Susan Margulies by Naim et al. [71] is presented, using a new and exciting model of rotational TBI in developing piglets. Dr. Kochanek had the good fortune of visiting her laboratory and was extremely impressed at how this model captures many of the PICU-relevant features of severe TBI including meaningful intracranial hypertension and critical reductions in Pb O 2 . In this issue of Developmental Neuroscience, her group presents some exciting new data on the use of folic acid as a novel therapy. This model represents a valuable opportunity to go up the phylogenetic tree and study a gyrencephalic animal closer to man. Also in this issue, Prins et al. [72] report on the development of a repeated injury model of TBI in juvenile rats, and Cernak et al. [73] present the characterization of a new developmental model of diffuse TBI. Similarly, the article by Babikian et al. [74] focuses on developmental issues related to metabolism and growth, and Claus et al. [75] address developmental aspects of neuroinflammation, both of which reveal important age-related differences that may direct the development of new therapies. These represent important areas for new model development and investigation in experimental pediatric TBI. Finally, again in this issue, Robert Tasker's group [76] highlights the potential importance of axonal injury as a therapeutic target in pediatric TBI.
Classification
Another interesting area of study in TBI is the topic of improving its tools for classification. The Glasgow Coma Scale (GCS) score has served the field for many years, but provocative work by Dr. Geoff Manley has suggested that to be able to achieve success in clinical trials, a new system of classification is called for. Geoff uses, in his presentations on this topic, a clever slide that shows six very different cranial CT scans of adult patients including a contusion, an epidural hematoma, a subdural hematoma, diffuse swelling, diffuse axonal injury and subarachnoid hemorrhage, and indicates that they represent 'six ways to get to a GCS score of 4'. He has suggested each of these insults may actually represent different diseases and that they will require separate therapeutic regimens. He suggests that how we are currently approaching treatment of TBI would equate to attempting to treat all forms of cancer with a single therapeutic approach. He may indeed be correct, and the situation may be even more complex in pediatric TBI. In pediatric TBI, there is another important CT pattern to layer upon this six-scan CT paradigm, namely abusive head trauma. It was beautifully demonstrated in the prior supplement, in work by Berger et al. [2] and in a recent supplement to the Journal of Neurotrauma focused on inflicted childhood neurotrauma in work by Ichord et al. [24] , that abusive head trauma represents a separate clinical entity. This appears to be true both from the standpoint of biomarker profile and findings on MRI, respectively. Clearly, limitations of the cur-rent TBI classification by GCS could be a critical limiting factor for the success of any treatment trial, as suggested by the work of Shore et al. [15] , and it may be that specific therapies such as osmolar agents versus hypothermia, for example, would have different efficacy in a specific subgroup of TBI patients, such as contusion versus diffuse swelling. Many of the papers in this supplement interface with this concept, which may represent a key challenge to and opportunity for the entire field of TBI.
Neurocritical Care
Finally, several articles in this supplement address the topic of neurocritical care in pediatric TBI, notably a report by di Gennaro et al. [77] on vasopressor use, among others. There is considerable interest in the development of specialized neurocritical care services or even neurocritical care units for infants and children. To my knowledge, only a few programs exist: at the Children's Hospital of Pittsburgh, Children's Memorial Hospital and Children's National Medical Center for pediatric neurocritical care, and at the University of California San Francisco for neonatal neurocritical care. Such teams should support the highest possible standard of monitoring and care and contribute state-of-the-art clinical research [78, 79] . This exciting concept is discussed for pediatric critical care in a report by Bell et al. [80] and, for neonates, in a recent report by Glass et al. [81] . Collaborative teams in neurocritical care that link bench and bedside across the multidisciplinary specialties such as critical care medicine, child neurology, emergency medicine, neurosurgery, pediatrics, physical medicine and rehabilitation, and radiology, among others, represent a tremendous opportunity to better understand pediatric TBI, prevent secondary insults, aid in the development and implementation of new therapies, and improve outcomes. Our sense is that such services would also have an important trickle-down effect by improving care in mild and moderate TBI patients who do not need ICU services. This supplement to Developmental Neuroscience supports that notion, given the fact that it addresses aspects of pediatric TBI from bench to bedside and across the injury severity spectrum.
